While therapeutic modulation of miRNAs provides a promising approach for numerous diseases, the promiscuous nature of miRNAs raises concern over detrimental off-target effects. miR-33 has emerged as a likely target for treatment of cardiovascular diseases. However, the deleterious effects of longterm anti-miR-33 therapies and predisposition of miR-33 À/À mice to obesity and metabolic dysfunction exemplify the possible pitfalls of miRNA-based therapies. Our work provides an in-depth characterization of miR-33 À/À mice and explores the mechanisms by which loss of miR-33 promotes insulin resistance in key metabolic tissues. Contrary to previous reports, our data do not support a direct role for SREBP-1-mediated lipid synthesis in promoting these effects. Alternatively, in adipose tissue of miR-33 À/À mice, we observe increased preadipocyte proliferation, enhanced lipid uptake, and impaired lipolysis. Moreover, we demonstrate that the driving force behind these abnormalities is increased food intake, which can be prevented by pair feeding with wild-type animals.
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In Brief
While anti-miR-33 therapies offer promise for treating cardiovascular disease, deletion of miR-33 causes obesity and metabolic dysfunction. Price et al. elucidate how miR-33 deficiency affects metabolic functions in different tissues. Rather than finding that dysregulation of SREBP-1-mediated lipid synthesis primarily drives these effects, they demonstrate that these changes depend on increased food consumption.
INTRODUCTION
The spread of obesity across first-world nations and into developing countries has reached epidemic levels, and estimates indicate that by 2025 nearly 3 billion people worldwide will be overweight (Lam and LeRoith, 2012 ). This will make up nearly half of the total population, and of these over one-third will be either obese or severely obese. Obesity is the single biggest risk factor in a multitude of metabolic diseases, including certain cancers, diabetes, and cardiovascular disease (Grundy, 2016; Lam and LeRoith, 2012) . As such, the dramatic rise in obesity has put a serious strain on public health networks across the globe. Although lifestyle changes are sufficient to combat many of the negative effects associated with obesity, genetic differences also play an important role in the development of these conditions. As such, our incomplete understanding of the mechanisms that regulate the development of obesity and metabolic dysfunction have impeded our ability to combat this growing public health issue.
Over the years, researchers have made substantial progress in trying to understand the many layers of regulation involved in the development of this condition, and recent work has demonstrated microRNAs (miRNAs) and other non-coding RNAs compose yet another level of regulation that is important for the development of obesity and metabolic dysfunction (Rottiers and Nä ä r, 2012) . miRNAs are small non-coding RNAs that can bind to specific regions of target genes leading to mRNA degradation or translational repression and have been shown to play an important role in the regulation of nearly all biological processes (Ambros, 2004; Chen, 2009; Ferná ndez-Hernando et al., 2011 . Among these, miRNAs have been demonstrated to regulate key functions in a variety of important metabolic organs including the liver, brain, pancreas, muscle, and adipose tissue, which can have a substantial impact on the development of obesity and metabolic dysfunction . Indeed, impairment of miRNA processing in adipose tissue was found to have dramatic effects on fat accumulation and distribution Mori et al., 2014) , and a number of individual miRNAs have been demonstrated to regulate adipocyte differentiation and function directly . Moreover, work done in vivo has demonstrated that either genetic ablation or pharmacologic inhibition of a number of miRNAs, including miR146b , and miR-375 can have a major impact on the development of obesity and metabolic dysfunction (Ahn et al., 2013; Cioffi et al., 2015; Frost and Olson, 2011; Horie et al., 2013; Jordan et al., 2011; Pan et al., 2015; Poy et al., 2009; . Among these, miR-33 is of particular interest because of its well-established role in the regulation of lipid metabolism and the development of atherosclerosis (Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010) .
The miR-33 family of miRNAs have been demonstrated to be important regulators of lipid metabolism by targeting a number of genes involved in reverse cholesterol transport (RCT) (Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010) . The RCT pathway is the only mechanism by which peripheral tissues, including the macrophages that make up atherosclerotic plaques, can remove excess cholesterol for transportation to and degradation by the liver (Rosenson et al., 2012) . Through its ability to target genes involved in cholesterol efflux (ABCA1, ABCG1), high-density lipoprotein (HDL) biogenesis (ABCA1), and bile acid metabolism, miR-33 has been established as an important regulator of this process (Allen et al., 2012; Li et al., 2013; Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010) . Consistent with this, antagonism or loss of miR-33 has been shown to increase circulating levels of HDL-C in both rodents and non-human primates (Horie et al., 2010; Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010 Rayner et al., , 2011a Rottiers et al., 2013) . Moreover, a number of studies have demonstrated that treatment with antimiR-33 therapeutic agents can significantly reduce plaque burden in mouse models of atherosclerosis (Rayner et al., 2011b; Rotllan et al., 2013) .
In addition to its role in the control of lipid metabolism, miR-33 has been found to target genes involved in a number of other important metabolic functions including fatty acid metabolism (CPT1, CROT, HADHb), insulin signaling (IRS2), and mitochondrial function (AMPK, PGC1a) (Dá valos et al., 2011; Gerin et al., 2010; Karunakaran et al., 2015; Ouimet et al., 2015 Ouimet et al., , 2017 . The ability of miR-33 to regulate such a wide array of different metabolic functions suggests that miR-33 may be involved in regulation of different metabolic functions in different tissues. This is especially interesting because miR-33a and miR-33b are intronic miRNAs encoded within intronic regions of the SREBP-2 and SREBP-1 genes. The SREBP transcription factors themselves are some of the most important regulators of cellular cholesterol and fatty acid metabolism, and have been demonstrated to be differentially regulated in a number of different metabolic tissues under conditions of obesity and insulin resistance (Horton et al., 2002) .
Although early reports suggest that anti-miR-33 therapy may be an effective approach for the treatment of cardiovascular disease, some long-term studies with anti-miR-33 therapy have demonstrated the development of adverse outcomes including hypertriglyceridemia and hepatic steatosis Goedeke et al., 2014) . Our recent work has demonstrated that hematopoietic specific loss of miR-33 in the Ldlr À/À mouse model of atherosclerosis promotes RCT in vivo and reduces plaque burden. However, in whole body knockout mice these beneficial effects in plaque macrophages are offset by pro-atherogenic changes in circulating lipids as well as increased body weight and insulin resistance (Price et al., 2017) . These findings are consistent with an earlier metabolic characterization of mice genetically deficient in miR-33, which showed a dramatic predisposition to the development of diet induced obesity and insulin resistance (Horie et al., 2013) . These surprising effects were attributed to dysregulation of SREBP-1 in the liver, as loss of miR-33 was not found to impact body weight or hepatic steatosis in heterozygous SREBP-1 knockout mice (Horie et al., 2013) . While these findings are interesting, and highlight the importance of lipid metabolism in the liver for maintaining metabolic function, prior work suggests that additional mechanisms may be primarily responsible for the obesity phenotype. Although expression of SREBP-1 and its targets are often altered in cells and tissues lacking miR-33, our previous findings do not indicate direct targeting of the SREBP-1 gene by miR-33 (Goedeke et al., 2014) . Additionally, SREBP-1 is primarily regulated at a post-translational level, and even overexpression of a mature form of SREBP-1, that does not require cleavage for entry into the nucleus, does not result in the form of obesity observed in miR-33-deficient mice (Shimano et al., 1997) . These findings, coupled with the near complete loss of miR-33 in the liver of animals treated with miR-33 inhibitors, indicate that other mechanisms and possibly other organs may be involved in the development of these phenotypes.
In this work, we provide a more complete characterization of the metabolic dysfunction observed in miR-33-deficient mice and explore additional mechanisms by which loss of miR-33 leads to the development of obesity and insulin resistance. In addition to the metabolic dysfunction previously reported in miR-33-deficient mice fed a high-fat diet (HFD) (Horie et al., 2013) , we demonstrate that even in mice fed a chow diet (CD), loss of miR-33 results in impaired responsiveness to insulin in multiple metabolic organs including the liver, white adipose tissue (WAT), and skeletal muscle. By performing hyperinsulinemic-euglycemic clamp studies in our miR-33 knockout (miR-33 À/À ) mice, we establish that loss of miR-33 results in diminished glucose uptake into WAT and skeletal muscle and an impaired ability to suppress glucose production in the liver and hydrolysis of free fatty acids (FFA) from WAT in response to insulin. We further observe that following HFD feeding, miR-33 À/À mice have increased circulating levels of triglycerides (TAGs), and increased incorporation of lipids into the liver. Importantly, our data do not support a direct role for SREBP-1 in promoting these changes, as neither the induction nor sup (Horie et al., 2013) , and demonstrate that changes in feeding behavior are primarily responsible for these effects.
RESULTS

Loss of miR-33 Predisposes Mice to the Development of Obesity and Insulin Resistance
Consistent with previous work (Horie et al., 2013) , we find that feeding of miR-33 À/À mice with a HFD results in a dramatic increase in BW compared to control animals, especially during the first few weeks of HFD feeding. CD animals lacking miR-33 also developed increased BW although at a much more gradual rate ( Figures 1A and 1B ). This increase in BW was primarily due to increased fat mass, which was significantly elevated in 7-month-old mice on either a CD or HFD ( Figure 1C ). We further show that HFD fed miR-33 À/À mice have impaired regulation of glucose homeostasis as demonstrated by an impaired ability to restore blood glucose levels during a glucose tolerance test (GTT) ( Figure S1A ). While CD-fed animals did not have any differences in the ability to regulate blood glucose levels during a GTT ( Figure S1B ), these mice have nearly a 2-fold increase in fasted insulin levels suggesting that increased insulin production may be compensating for impaired insulin sensitivity during this test ( Figure S1C ). To explore this in more detail, we performed hyperinsulinemic-euglycemic clamp studies to directly assess responsiveness to insulin in different tissues. Consistent with the elevated fasted plasma insulin levels, we find that the glucose infusion rate needed to maintain normal blood glucose concentrations after insulin administration was dramatically reduced in miR-33 À/À mice ( Figures 1D and S1D) , indicating an overall impairment in insulin stimulated glucose uptake ( Figure 1E ). We further demonstrate that the capacity of both skeletal muscle and WAT to take up glucose in response to insulin is impaired, as incorporation of 2-deoxyglucose, a non-metabolizable form of glucose, was significantly reduced in miR-33 À/À mice ( Figures   1F and 1G) . Similarly, the ability to suppress insulin-stimulated glucose production in the liver and hydrolysis of FFA from WAT was also dramatically impaired in miR-33 À/À mice (Figures 1H and 1I) . Together, these findings indicate that even on a CD, mice lacking miR-33 À/À develop insulin resistance in numerous key metabolic tissues.
Mice Lacking miR-33 Have Elevated Levels of Both HDL-C and Total Cholesterol As anticipated from previous work (Horie et al., 2013) , we find that loss of miR-33 raised plasma HDL-C levels on both a CD and HFD. Fast protein liquid chromatography (FPLC) fractionation analysis revealed a higher HDL-C peak for miR-33
mice under both conditions (Figures 2A and 2B ), which was confirmed by quantification of circulating HDL-C in individual samples ( Figures 2C and 2D ). However, unlike previous descriptions of total cholesterol (TC) levels in miR-33-deficient mice (Horie et al., 2013) , we find that these levels were also elevated in miR-33 À/À animals under both CD and HFD conditions ( Figures 2C and 2D ), as were the cholesterol levels in FPLC fractions containing low-density lipoproteins (LDL) particles (Figures 2A and 2B ). We further demonstrate that the protein levels of the apolipoproteins associated with HDL (ApoA1) and LDL/VLDL (ApoB) were also elevated in miR-33 À/À mice, indicating that the total numbers of these particles are likely elevated (Figures 2E and 2F) . Although the host gene of miR-33 is an important regulator of cholesterol metabolism, the excision of miR-33 did not have any impact on Srebp-2 expression levels, indicating that an unintentional dysregulation of Srebp-2 is not involved in mediating these effects ( Figure S1E ).
Loss of miR-33 Causes Increased Lipid Accumulation in Liver but Does Not Affect Expression of Genes Involved in Hepatic Lipid Synthesis Accumulation of lipids in peripheral tissues can promote insulin resistance (Samuel and Shulman, 2016; Shulman, 2014) and may contribute to the impaired insulin sensitivity of miR-33
mice. Consistent with this, we observe increased levels of TAGs in the liver of miR-33 À/À mice after 2 months of HFD feeding ( Figure S2A ). Levels of DAGs and ceramides were also elevated ( Figures S2B and S2C ) and membrane associated PKCε was increased ( Figure S2D ). Similarly, 7-month-old miR-33 À/À mice on a CD also had increased levels of hepatic TAGs, DAGs, and membrane PKCε, although ceramide levels were not altered ( Figures 3A-3D ). While these changes likely contribute to the impaired insulin responsiveness observed in miR-33 À/À mice, they do not necessarily indicate that alterations in liver function are responsible for the metabolic dysfunction observed.
While previous work has suggested that the metabolic dysfunction of miR-33-deficient mice may be due to derepression of SREBP-1, resulting in increased hepatic lipid synthesis (Horie et al., 2013) , our data indicate that the increased liver weight of miR-33 À/À mice is proportional to their increase in BW ( Figures 4A and 4B) . Conversely, SREBP-1 transgenic mice have been shown to have increased hepatic lipid production resulting in fatty liver, but not the dramatic obesity phenotype found in miR-33 À/À mice (Shimano et al., 1997) . Moreover, gene expression patterns of mice in response to changes in nutrient conditions do not reveal any difference in the ability of miR-33 À/À mice to regulate SREBP-1-responsive genes involved in hepatic lipid synthesis on either CD or HFD (Figure 4C) . To perform these analyses, mice fed either CD or HFD for 20 weeks were sacrificed in the morning after either overnight feeding, 24-hr fasting, or 24-hr fasting followed by 12 hr refeeding. Microarray analysis was then performed on tissue from the livers of these animals. To determine whether regulation of SREBP-1 target genes was significantly altered, we used ingenuity pathway analysis (IPA) software to generate a network of SREBP-1-interacting genes and overlaid this with an analysis of all genes significantly altered in response fasting. Among these nutrient-responsive SREBP-1-interacting genes, none were found to be significantly altered between WT and miR-33 À/À mice, indicating that there are not any differences in the regulation of SREBP-1 target genes, including those involved in fatty acid synthesis ( Figure 4C ). While qPCR analysis did show an increase in mRNA levels of Srepb-1 in the livers of miR-33 To further assess what other effects may be associated with these gene expression changes, we used IPA to predict specific functions and gene networks likely to be affected by these alterations. Consistent with the severe insulin resistance and metabolic dysfunction observed in HFD fed mice, our microarray data show a dramatic impairment in the ability to repress genes involved in fatty acid oxidation ( Figure S3A ) and glucose production ( Figure S3B ) under fed conditions. Somewhat surprisingly, assessment of the top regulatory networks identified by IPA as being altered in the livers of these animals under The increased accumulation of macrophages in the WAT of miR-33-deficient mice results in an increase in tumor necrosis factor alpha (Tnf-a) expression, a pro-inflammatory cytokine associated with insulin resistance and type 2 diabetes (Figure 5A) . The increased abundance of macrophages in the WAT of miR-33-deficient mice was independent of numbers of circulating leukocytes, which were similar between both groups of mice ( Figures S5A-S5C ). Average adipocyte size was significantly larger in miR-33 À/À mice fed a HFD compared to WT adipocytes ( Figure 5C ). While CD-fed mice showed a similar trend toward increased adipocyte size, these changes did not reach statistical significance, despite the increased BW and total fat mass of these animals ( Figure 5C ). To determine whether increased adipocyte number may also contribute to this effect, we directly assessed populations of adipocyte precursor (AP) cells in young animals by flow cytometry ( Figure S5D ). Following 1 week on HFD, along with bromodeoxyuridine (BrdU) administration via the drinking water, miR-33 À/À mice showed a trend toward enhanced BrdU incorporation into adipocyte-precursor cells (AP) (Figure 5D ), resulting in a significant increase in the total number of APs ( Figure 5E ). Consistent with this, we observed a significant increase in the expression of HMGA2, a chromatin remodeling factor involved in regulation of pre-adipocyte clonal expansion ( Figure 5F ) (Anand and Chada, 2000) . These findings suggest that both adipocyte hypertrophy and hyperplasia may contribute to the increase in adipose mass in miR-33
mice. Even in young animals with minimal differences in BW, we find that loss of miR-33 resulted in a significant increase in percent body fat ( Figure 5G ). These effects are exacerbated after overnight feeding. GAPDH and ATPase were used as loading controls for cytosolic and membrane fractions respectively. Quantification is shown in right panels (n = 6-7). All data represent the mean ± SEM, and an asterisk indicates p < 0.05 comparing miR-33 À/À with WT mice on the same diet.
by feeding a HFD, resulting in significant increases in both fat mass and total BW after only 2 weeks HFD feeding (Figure 5G) . These rapid changes in fat mass may be in part due to an increased capacity for WAT to store lipids. Consistent with this, we find that the clearance of circulating lipids during a fat tolerance test (FTT) is increased in miR-33 Figure 5H ). Furthermore, when we perform a similar experiment using radioactively labeled lipid [H 3 ]-Triolein, we find that the incorporation of radioactively labeled FFA into both WAT and BAT was significantly increased, including nearly a 3-fold increase in uptake into WAT ( Figure 5I ). These findings suggest that the enhanced clearance of circulating lipids during FTT are due to increased uptake into adipose tissue. In agreement with this finding, we observed that the expression of lipoprotein lipase (LPL), the enzyme that hydrolyzes circulating TAG-rich lipoproteins, was significantly upregulated in WAT of mice lacking miR-33 ( Figure S6A ). The augmented lipid clearance noted in miR-33 À/À mice was independent of TAG absorption, since we did not observe any differences in the accumulation of radioactively labeled lipids in circulation when uptake into tissues is blocked by treatment with an inhibitor of LPL ( Figure S6B ). In addition to increased lipid uptake capacity, we find that the ability of adipose tissue to mobilize lipids in times of nutrient deprivation may also be impaired. Ex vivo analysis of lipolysis in WAT from WT and miR-33 À/À mice demonstrates that the ability of WAT to release FFA in response to the beta-adrenergic receptor agonist isoproterenol was reduced in animals lacking miR-33 ( Figure 5J ). Western blot and qPCR analysis further demonstrates that the lipases hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), which are responsible for mobilization of FFA, were downregulated in WAT of miR-33
mice at both the protein and the mRNA levels ( Figures 5K and  5L ). These findings are consistent with our clamp studies which demonstrate that while the ability of miR-33 À/À mice to suppress FFA release in response to insulin was severely impaired, the basal levels of circulating FFA under fasting conditions were actually significantly reduced, indicating reduced lipolysis from WAT ( Figure 1I ). S6D ) at some time points during the metabolic profiling resulting in increased in energy expenditure at these time points ( Figure S6E ), although the overall changes in these parameters were not found to be statistically significant. Moreover, these changes would be expected to make animals more resistant to the development of diet induced obesity, in direct opposition to the phenotype we observe. We further did not find any differences in the respiratory exchange ratio of miR-33 À/À mice, indicating that these mice do not have any alterations in fuel utilization ( Figure S6F ). Additionally, we did not find any statistical differences in the overall activity of miR-33 À/À mice, although there was decreased activity in these animals during some of the peak periods ( Figure S6G ). However, we found that miR-33 À/À mice had enhanced feeding, especially during some of the peak feeding times just before the end of the dark cycle, which result in a significant increase in overall food intake ( Figure 6A ). Moreover, careful assessment of feeding behavior in individually housed mice during the early stages of HFD feeding demonstrates that miR-33 À/À mice consume significantly more food than control animals beginning on the second day of HFD feeding, leading to a significant increase in BW by day 10 of HFD feeding ( Figures 6B and 6C) . To determine what factors may contribute to this phenotype, we assessed levels of circulating factors responsible for communicating signals of hunger/satiety in young animals.
Although we did not observe any differences in levels of ghrelin under fasted conditions, but did find increased levels of ghrelin in fed miR-33 À/À mice compared to WT mice, suggesting that miR-33 À/À mice may have impaired suppression of ghrelin production in the stomach after feeding ( Figure 6D ) Alternatively, levels of corticosterone were not altered in miR-33 À/À mice (Figure 6E) , while fed levels of leptin were significantly increased in miR-33 À/À mice ( Figure 6F ). Although leptin is a satiety hormone generally promoting a reduction in food intake, consistently high levels can also promote leptin resistance which could have the opposite effect (Kö nner and Br€ uning, 2012). As leptin is produced and secreted from adipose tissue, these changes are likely due to increased adipose mass in these animals. We further assessed circulating levels of fibroblast growth factor 21 (FGF21), but did not observe any significant changes in either circulating levels of FGF21 ( Figure 6G ) or its mRNA expression in the liver ( Figure S7A ) To determine whether changes in feeding behavior are directly responsible for the obesity and metabolic dysfunction observed in miR-33 À/À mice, we performed pair-feeding experiments in which WT and miR-33
mice are fed the same amount based on the daily food consumption of a separate group of WT animals. Under these conditions miR-33 À/À mice no longer gained weight more rapidly than controls, clearly demonstrating that the increased food intake was primarily responsible for the obesity phenotype (Figure 6H) . Similarly, the increased fat mass of miR-33 À/À mice following 12 weeks of HFD feeding ( Figure S7B ) was also negated by pair feeding ( Figure 6I ). We further demonstrate that the increased food intake and associated obesity of miR-33 À/À mice are directly responsible for promoting the metabolic dysfunction observed in these animals, as we no longer detect any differences in circulating levels of insulin or regulation of glucose homeostasis ( Figures 6J and 6K) . Additionally, circulating levels of cholesterol and TAGs were not different in pair fed miR-33 À/À mice compared to controls ( Figures 6L and   6M ). This is in stark contrast to ad libitum fed miR-33 À/À mice after a similar amount of time on HFD, which had a dramatic impairment in regulation of glucose homeostasis ( Figure S1A ), and elevated levels of fasting insulin and cholesterol, while TAGs were not altered ( Figures S7C-S7E ). 
DISCUSSION
In this work, we perform an in-depth characterization of the metabolic changes that occur in miR-33 À/À mice and provide novel insights into the specific mechanisms by which miR-33 regulates metabolic function, which will be necessary to better understand the possible clinical implications of treating patients with anti-miR-33 therapies (Figure 7 ). The most salient finding is the demonstration that alterations in feeding behavior are primarily responsible for the obesity and metabolic dysfunction observed in miR-33 À/À mice, which might be enhanced by changes in WAT lipid uptake and mobilization. Importantly, our work does not indicate that alterations in lipid synthesis in the liver play a major role in driving this phenotype. As regulation of HDL biogenesis and bile acid metabolism in the liver are believed to contribute to the athero-protective effects of miR-33 inhibitors, these findings may have a direct impact on the development and utilization of anti-miR-33 therapeutics for the treatment of cardiovascular disease. Similar to previous work, we find that miR-33-deficient mice have increased BW and impaired metabolic function after feeding of a HFD. We further demonstrate that even CD-fed animals have impaired metabolic function as demonstrated by the diminished responsiveness to insulin in hyperinsulinemic-euglycemic clamp studies. These findings demonstrate that miR-33 À/À mice have insulin resistance in a number of key metabolic tissues including the liver, WAT, and skeletal muscle. Consistent with this, we find that accumulation of TAGs, DAGs and ceramides is increased in the liver of miR-33 À/À mice after HFD feeding and hepatic TAGs and DAGs were also elevated in CD fed mice. Increased incorporation of TAGs has been shown to promote insulin resistance in a number of different tissues, as has the accumulation of other lipid subspecies such as DAGs and ceramides (Shulman, 2014) . Both DAGs and ceramides (Chavez and Summers, 2012; Holland et al., 2011) have been proposed to mediate insulin resistance, the former through activation of novel PKCs, which in turn inhibits insulin signaling at a proximal step and the latter through the impairment of Akt translocation and activation. Specifically, the accumulation of DAGs promotes activation and translocation of PKCε (in the liver), thereby inhibiting insulin receptor kinase activity through phosphorylation of the insulin receptor at Thr 1160 or phosphorylation of IRS1 (e.g., Ser1101) (Li et al., 2004) , respectively. All of these effects may contribute to the impaired metabolic function observed in HFD fed miR-33 À/À mice, as levels of DAGs, membrane PKCε, and ceramides were all found to be elevated in the liver miR-33 À/À animals fed a HFD.
While these findings provide insight into some of the mechanisms by which loss of miR-33 may promote insulin resistance in the liver, they do not necessarily demonstrate that the changes in this organ are responsible for driving the development of metabolic dysfunction in these animals. Indeed, in depth microarray profiling of the livers of WT and miR-33 À/À mice under different nutrient conditions revealed only minimal differences in the regulation of nutrient-responsive genes between WT and miR-33
mice. More importantly, our data do not show any increase in the levels of SREBP-1-regulated genes involved in lipid synthesis at either the mRNA or protein level. This is in direct contradiction to earlier work that concluded that derepression of SREBP-1 in the liver of miR-33-deficient mice promoted obesity and insulin resistance through increased hepatic lipid synthesis (Horie et al., 2013) . While the mRNA expression of SREBP-1 may be altered under some conditions in miR-33 À/À mice, its activity does not appear to be altered, as we do not observe any differences in the expression of SREBP-1-responsive genes, consistent with our earlier work which failed to identify SREBP-1 as a miR-33 target gene. These findings are not surprising, as SREBP-1 is known be regulated primarily at the post-transcriptional level, and even transgenic mice overexpressing a constitutively active form of SREBP-1 develop primarily a fatty liver phenotype, as opposed to the dramatic increase in fat mass and body weight found in miR-33 À/À animals (Shimano et al., 1997) . Western blot analysis of SREBP-1 processing also did not reveal any differences between WT and miR-33 À/À mice.
While some of the differences between our work and that of Horie et al. (2013) may be due to differences in the HFD that was used (45% versus 60%), the type of fat was the same, other aspects of the dietary composition were very similar, and even on a CD miR-33 À/À mice have increased body weight and impaired metabolic function. Additionally, numerous in vivo studies have demonstrated that anti-miR-33 therapeutic approaches are very effective at inhibiting miR-33 in the liver (Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010) . However, these animals also do not develop the dramatic obesity phenotype found in miR-33 À/À mice, suggesting additional organs may be primarily responsible for driving this phenotype. If alterations in liver function are primarily responsible for the obesity and metabolic dysfunction of miR-33
mice, it may suggest that the passenger strand (miR-33*), which regulates glucose and lipid metabolism in concert with miR-33 Goedeke et al., 2013) , may be primarily responsible for these effects as this would not be targeted by anti-miR-33 therapeutics. Analysis of visceral WAT revealed a significant increase in both adipocyte size and the infiltration of macrophages into adipose tissue, which are both indicators of insulin resistance (Yao et al., 2017) . These findings are consistent with the impaired glucose uptake and suppression of FFA hydrolysis observed in clamp studies. Additionally, when we isolate tissue from young animals we observe an impairment in lipolytic function, which may contribute to the rapid increase in fat mass in miR-33
animals. Moreover, we find that the capacity of miR-33 À/À mice to take up circulating lipids is enhanced even in young animals. This may be in part due to an increase in the number of adipocyte precursor cells, which were found to be elevated in the WAT of miR-33 À/À mice after short-term HFD feeding. These findings support our previous finding that miR-33 can regulate pre-adipocyte proliferation and differentiation in vitro through regulation of HMGA2 . Consistent with this, we demonstrate that protein levels of HMGA2 are elevated in WAT of miR-33 À/À mice compared to WT mice. Together the increased capacity for lipid uptake and decreased lipolytic activity of miR-33-deficient mice may contribute to the rapid increase in BW and fat mass following HFD feeding. While our data demonstrate that changes in a number of key metabolic tissues are involved in the metabolic dysfunction observed in miR-33 À/À mice, we find that the primary factor responsible for the obesity phenotype appears to be an increase in food intake. While this difference in food intake is not dramatic, it does appear to be sufficient to drive the rapid weight gain and metabolic dysfunction, as miR-33 À/À mice that were pair fed based on the food consumption of WT mice did not show any differences in BW or metabolic regulation compared to controls even after 3 months of HFD feeding. This is in stark contrast to ad libitum fed miR-33 À/À mice which consistently gain more BW during the first few weeks on HFD and had dramatic impairments in regulation of glucose homeostasis and elevated insulin levels after 3 months on a HFD. Assessment of circulating factors involved in regulation of hunger and satiety reveals levels of ghrelin and corticosterone were not altered in miR-33 À/À mice, while leptin levels are increased. Although this would generally be expected to reduce food intake, it could also promote leptin resistance (Kö nner and Br€ uning, 2012) . While a number of different organs are involved in the regulation of food intake, these data do raise the interesting possibility that miR-33 may have direct effects upon the hypothalamic neurons that regulate feeding behavior (Waterson and Horvath, 2015) . Previous work has shown that miR-33 is highly expressed in the brain and can affect state dependent memory by regulation of GABAergic receptors (Jovasevic et al., 2015) . As the hypothalamic POMC and AgRP neurons that regulate food intake are also GABAergic neurons, they may be directly affected by alterations in miR-33. This could also explain some of the discrepancies between genetic and pharmacologic inhibition of miR-33, as anti-miR-33 therapeutics would not be expected to cross the blood-brain barrier.
Overall this work provides a more complete description of the metabolic dysfunction that occurs in animals lacking miR-33, including in depth characterization of the impact on specific metabolic functions in different key tissues. While we find that loss of miR-33 results in alteration of metabolic function in a number of different tissues, including the liver, our data do not support the conclusion that derepression of SREBP-1 and increased lipid synthesis is responsible for the predisposition of miR-33 À/À mice to obesity and metabolic dysfunction. Alternatively, we find that differences in the feeding behavior of miR-33 À/À mice are primarily responsible for this phenotype. This is in direct contradiction to earlier work, which still demonstrated an increase in body weight in pair-feeding experiments (Horie et al., 2013) . While differences in the methodologies used in performing these experiments may explain the discrepancies between these findings, the limited description of conditions used in previous work has limited our ability to assess what specific alterations may be responsible. While this work has considerably improved our understanding of how loss of miR-33 affects the function of different metabolic tissues, the use of whole body miR-33
mice limits our ability to determine if these changes are directly due to effects of miR-33 in an individual tissue or secondary to overall changes in metabolic regulation. Further work using tissue-specific knockout models will be necessary to provide greater insight into the specific mechanisms behind these changes, and will be necessary to properly assess the potential of anti-miR-33 therapeutic approaches.
EXPERIMENTAL PROCEDURES
Further details and an outline of resources used in this work can be found in the Supplemental Information. Briefly, microarray analysis was performed as previously described , using Agilent SurePrint G3 Mouse 8x60K Microarray. Gene network and pathway analysis were carried out using Qlucore Omics Explorer (v.3.2) (Qlucore) and ingenuity pathway analysis (Ingenuity Systems QIAGEN). Animal studies were approved by the Institutional Animal Care and Use committee of Yale University School of Medicine. WT C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Generation of miR-33 À/À mice was accomplished with the assistance of Cyagen Biosciences. Induction of diet-induced obesity was accomplished by feeding a HFD (60% fat) (D12492; Research Diets, New Brunswick, NJ, USA). Measurements of metabolic function, circulating lipids, and adipocyte proliferation/function were carried out using established techniques. Statistical differences were measured using an unpaired two-sided Student's t test or one-way ANOVA with Bonferroni correction for multiple comparisons. Normality was checked using the Kolmogorov-Smirnov test. A nonparametric test (Mann-Whitney) was used when data did not pass the normality test. p < 0.05 was considered statistically significant.
DATA AND SOFTWARE AVAILABILITY
The accession number for the microarray data reported in this study is GEO: GSE109055.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and can be found with this article online at https://doi.org/10.1016/j.celrep.2018.01.074.
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Hyperinsulinemic-euglycemic clamp studies
Hyperinsulinemic-euglycemic clamps were performed in chronically catheterized awake mice as previously described (Jurczak et al., 2012) . A jugular venous catheter was implanted 6 to 7 d before the studies were performed. To assess basal whole-body glucose turnover, [3- 25, 45, 65, 80, 90, 100, 110, 120, 130 , and 140 min. The tail cut was made at least 2 h before the first blood sample was taken to allow for acclimatization, according to standard operating procedures.
Mice received an intravenous artificial plasma solution (115 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2-6H2O, 1.2 mM NaH2PO4-H2O, 1.2 mM Na2SO4, 2.5 mM CaCl-2H2O, 25 mM NaHCO3, and 4% BSA [pH 7.4]) at a rate of 4.2 ml/min during the insulin-stimulated period of the clamp to compensate for volume loss secondary to blood sampling. At the end of the clamps, mice were anesthetized with sodium pentobarbital injection (150 mg/kg), and all tissues taken were freeze-clamped in liquid nitrogen and stored at -80°C for subsequent use.
Lipoprotein profile and lipid measurements
Mice were fasted for 12-16 h overnight before blood samples were collected by retro-orbital venous plexus puncture, and plasma was separated by centrifugation. HDL-C was isolated by precipitation of non-HDL-C and both HDL-C fractions and total plasma were stored at -80°C. Total plasma cholesterol and TAGs were enzymatically measured (Wako Pure Chemicals Tokyo, Japan) according to the manufacturer's instructions. The lipid distribution in plasma lipoprotein fractions were assessed by fast performed liquid chromatography gel filtration with 2 Superose 6 HR 10/30 columns (Pharmacia Biotech, Uppsala, Sweden).
Fat Tolerance Test
Fat tolerance test (FTT) was performed as previously described (Gordts et al., 2016) . Briefly, mice were fasted for 4 h beginning at 7:00 am, followed by oral gavage of 10 µL olive oil / gram of BW.
Blood samples were collected from the tail vein 0, 1, 2, 4, and 6 h after administration.
Tissue lipid uptake
Determination of lipid uptake in tissues was performed as previously described (Kotas et al., 2013) . Briefly, mice were fasted for 6 h beginning at 7:00am. 1 h prior to administration, emulsion mixture was prepared by desiccation of 2µCi [H 3 ]-Trioline, addition of 100µL of mouse intralipid 20% emulsion oil, and sonication on ice for 10 min at 100 W, 0.5 pulse mode to generate micelles. 2 h after administration by oral gavage, mice were euthanized and plasma/tissues collected (heart, liver, kidney, WAT, BAT, and muscle). 100-150 mg pieces of each tissue were weighed using a precision balance and lipids were extracted with isopropyl alcohol-hexane (2:3;v/v). The lipid layer was collected, evaporated and [
3 H]-cholesterol radioactivity measured by liquid scintillation counting.
Ex vivo lipolysis
In vitro adipose explant lipolysis assays were performed as previously described (Schweiger et al., 2014) . Briefly, ~20 mg of epididymal adipose tissue explants were incubated for 2 h at 37°C in DMEM containing 2% fatty acid -free BSA with or without 10uM Isoproterenol. Medium samples were collected to assay for fatty acids using Wako NEFA-C-kit according to the manufacture's protocol. The level of free fatty acid was normalized to the weight of adipose explants.
Adipocyte size and precursor analysis
For adipocyte size quantification, and CD68 staining, perigonadal adipose tissue was fixed in zincformalin, mounted in paraffin blocks, cut into 5 micron sections and stained with Hemotoxylin/Eosin, or CD68 (Bio-Rad MCA1957). The area of each adipocyte (in square pixels) was measured using
CellProfiler image analysis software (Broad Institute). At least 300 adipocytes were measured for each data point. For adipocyte precursor analysis, flow cytometry samples were processed and analyzed as previously described (Jeffery et al., 2015) . In brief, mice were administered 0.8 mg/mL BrdU in their 5.5 (eBioscience, 80) . Cells were washed and analyzed using a BD LSRII analyser. Data was analyzed using BD FACS Diva software (BD Biosciences).
Body composition and metabolic cage analysis
Analysis of body composition was performed by Echo MRI (Echo Medical System). A Comprehensive
Lab Animal Monitoring System (CLAMS; Columbus Instruments, Columbus, OH, USA) was used to evaluate O2 consumption, CO2 production, energy expenditure, activity, and food consumption.
Monitoring of food intake and pair feeding
For evaluation of food intake and pair feeding experiments mice were separated into individual cages at least 4 days prior to experiments. For determination of daily food intake mice were fed a known amount of HFD and the remaining food was measured between 4:00 and 5:00pm daily. For pair feeding experiments mice were begun one day after ad libitum fed animals and animals were provided HFD between 4:00 and 5:00 pm based on the average food intake of ad libitum fed wildtype mice the day before.
Glucose tolerance test (GTT)
Glucose tolerance tests (GTT) were performed by IP injection of glucose at a dose of 2g/kg for chow diet and 1g/kg for ad libitum HFD fed mice and 1.5g/kg for pair fed mice. Blood glucose was measured at 0, 15, 30, 60, and 120 min post injection.
Measurement of circulating hormones
Circulating hormones were measured by ELISA according to manufacturer's instructions: Insulin (CrystalChem #90080), Leptin (Abcam, ab100718), Ghrelin (Novus Biologicals, KA1863), Corticosterone (Alpco, 55-CORMS-E01), and FGF21 (RD Systems MF2100).
Western blot analysis.
Tissues were homogenized by manual disruption and the Bullet Blender Homogenizer. Both tissues and cells were lysed in ice-cold buffer containing 50 mM Tris-HCl, pH 7.5, 0.1% SDS, 0.1% deoxycholic acid, 0.1mM EDTA, 0.1mM EGTA, 1% NP-40, 5.3 mM NaF, 1.5 mM NaP, 1 mM orthovanadate and 1 mg/ml of protease inhibitor cocktail (Roche), and 0.25 mg/ml AEBSF (Roche).
Lysates were sonicated and rotated at 4°C for 1 h before the insoluble material was removed by centrifugation at 12,000 × g for 10 min. After normalizing for equal protein concentration, cell lysates were resuspended in SDS sample buffer before separation by SDS-PAGE. Following transfer of the proteins onto nitrocellulose membranes, the membranes were probed with the following antibodies: anti-ATGL (Cell Signaling, #2138, 1:1000), anti-HSL (Cell Signaling #4107, 1:1000), anti-HMGA2 (Biocheck, #59170AP, 1:1000), anti-FASN (Cell Signaling #31895), anti-ACC (Cell Signaling #3662) and anti-HSP90
(BD Biosciences, #610419, 1:1000). For SREBP-1 processing blots liver lysates were homogenized with a dounce homogenizer in SREBP lysis buffer: Tris-HCl 20mM pH 8, KCl 120 mM, DTT 1mM, EGTA 2mM, Triton X-100 0.1%, Nonidet P40 al 0.5%, protease inhibitors, NaF 100 mM, Na2MoO4 20 mM, β-glycerophosphate 20 mM, Na3VO4 2 mM, PMSF 1 mM and caspase-3 inhibitor Ac-DMQD-CHO (alexis) and probed with an anti-SREPB-1 antibody (Santa Cruz SC-13551). Protein bands were visualized using the Odyssey Infrared Imaging System (LI-COR Biotechnology) and densitometry was performed using
ImageJ software. For Western blot analysis of ApoA1 (Abcam, #20453, 1/1000) in lipoprotein fractions, an equal volume of three fractions were mixed with reducing SDS sample buffer and separated as described above.
For Western blot analysis of ApoB100 and ApoB48 in pooled lipoprotein fractions, separation was performed on a NuPAGE Novex 4-12% Tris-Acetate Mini Gel using 1x NuPAGE Tris-Acetate SDS running buffer (Invitrogen). Following overnight transfer of proteins onto nitrocellulose membranes, the membranes were blocked in 5% (w/v) non-fat milk dissolved in wash buffer. The membranes were probed with an antibody against ApoB (Meridian, #K23300R, 1:2000) overnight at 4°C and visualized as above.
PKC translocation assay.
PKC translocation was assessed in the livers of mice that were fasted for 6 h for HFD animals and fed overnight for CD. Membrane-associated and cytosolic fractions were prepared as previously described . After normalizing for equal protein concentration, cell lysates were resuspended in reducing SDS sample buffer and separated on 4%-12% Tris-glycine gels (Novex).
Following a 2 h semi-dry transfer onto PVDF membranes (Immunobilon-P; EMD Millipore), the membranes were blocked in 5% (w/v) non-fat dry milk or 5% (w/v) BSA dissolved in wash buffer according to manufacturer's recommendations. Membranes were probed overnight at 4°C with the following primary antibodies diluted in blocking solution: PKCε (1:1000; BD610086), GAPDH (1:5000; Cell Signaling 5174), and Na-K ATPase (1:1000; Abcam ab7671). Membranes were then washed in TBS-T and incubated for 1 h at room temperature with HRP-conjugated secondary antibodies (Cell Signaling Technology) diluted in blocking buffer. After further washing in TBS-T, antibody binding was visualized by enhanced chemiluminescence (Pierce). Films were developed at multiple exposures and images within the linear dynamic range of signal intensity were scanned for digital analysis. Densitometry analysis of the gels was carried out using ImageJ software from the NIH (http://rsbweb.nih.gov/ij/). The ratio of membrane PKC intensity (normalized to Na-K ATPase intensity) to cytosolic PKC intensity (normalized to GAPDH intensity) was calculated.
Liver lipid measurements.
Mice were fasted 6 h before liver collection for HFD fed animals and fed overnight for CD. Liver triglycerides were extracted by the method of Bligh and Dyer (Bligh and Dyer, 1959) and measured using a colorimetric assay (Sekisui). Liver diacylglycerols were extracted from cytosolic/lipid droplet and membrane-associated fractions and measured by LC-MS/MS essentially as described (Galbo et al., 2013; Yu et al., 2002) . Total diacylglycerols are reported as the sum of individual species. Liver ceramides were extracted and measured by LC-MS/MS according to previously established methods.
RNA isolation and quantitative real-time PCR
Total RNA from tissue was isolated using TRIzol reagent (Invitrogen) according to the manufacturers protocol. For mRNA expression analysis, cDNA was synthesized using iScript RT Supermix (Bio-Rad), following the manufacturers protocol. Quantitative real-time PCR (qRT-PCR)
analysis was performed in duplicate using SsoFast EvaGreen Supermix (BioRad) on an iCycler RealTime Detection System (Eppendorf). The mRNA levels were normalized to 18S.
Microarray Analysis
Microarray analysis was performed as previously described . Briefly, 200 ng of total RNA was labeled using the Agilent Low-Input QuickAmp Labeling Kit and hybridized onto Agilent SurePrint G3 Mouse 8x60K Microarray (Agilent Technologies) using the Gene Expression Hybridization Kit (Agilent Technologies). Following post-hybridization rinses, arrays were scanned using an Agilent Agilent Microarray Scanner (Agilent Technologies). Data extraction and quality control fulfillment was performed using Agilent's Feature Extraction Software. Qlucore Omics Explorer v 3.2 (Qlucore AB, Lund, Sweden) was used for identifying differentially-expressed genes (P < 0.01) using a one-way analysis of variance (ANOVA) or a two-tailed t-test comparison. Principal component analysis plots, unsupervised hierarchical clustering, and heat maps were also generated in Qlucore. Ingenuity Pathway Analysis (Ingenuity Systems QIAGEN, Content version: 33559992, 2017, Redwood City, CA, USA) was used to carry out analyses for pathway, network, and molecular and cellular functions for differentially-expressed genes across samples. Each gene symbol was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base. Networks of these genes are algorithmically generated based on their connectivity and assigned a score. The score is a numerical value used to rank networks according to how relevant they are to the genes in the input dataset but may not be an indication of the quality or significance of the network. The over-represented cellular and molecular functions and networks were ranked according to the calculated P-value.
Circulating leukocyte analysis
Blood was collected by retro-orbital puncture in heparinized microhematocrit capillary tubes.
Measurement of total circulating numbers of blood leukocytes was performed using a HEMAVET system.
For further FACs analysis, erythrocytes were lysed with ACK lysis buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate, and 0.01 mM EDTA, pH 7.4). White blood cells were resuspended in 3% fetal bovine serum in PBS, blocked with 2 mg/ml FcgRII/III, then stained with a cocktail of antibodies.
Monocytes were identified as CD115 hi and subsets as Ly6-C hi and Ly6-C µL of olive oil. 30, 60 and 120 min after the injection, the plasma was isolated for measurement of radioactivity in 40 µL.
Statistical analysis
Animal sample size for each study was chosen based on literature documentation of similar wellcharacterized experiments. The number of animals used in each study is listed in the figure legends. In vitro experiments were routinely repeated at least three times unless otherwise noted. No inclusion or exclusion criteria were used and studies were not blinded to investigators or formally randomized. Data are expressed as average ± SEM. Statistical differences were measured using an unpaired two-sided Student's t-test, or one-way ANOVA with Bonferroni correction for multiple comparisons. Normality was checked using the Kolmogorov-Smirnov test. A nonparametric test (Mann-Whitney) was used when data did not pass the normality test. A value of P ≤ 0.05 was considered statistically significant. Data analysis was performed using GraphPad Prism Software Version 7 (GraphPad, San Diego, CA). 
